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Abstract

In recent years, as one of the green coal mining technologies, coal gangue filling and coal mining
technology has been widely used. The coal gangue filling body in goaf may be in an acidic or alkaline
mine water environment for a long time, and the rich heavy metal elements in coal gangue may pollute
the groundwater environment. In order to predict the migration distance of heavy metal elements in
the goaf floor more accurately, this paper first designed the coal gangue static immersion experiment.
By using ICP, the concentration of heavy metal elements in the soaking solution was tested, and then
the permeability stress sensitivity of mudstone was tested. Finally, based on the above experimental
results, the numerical simulation model for migration of heavy metals in coal gangue under the condition
of seepage-stress coupling was established by using COMSOL multiphysics, and the concentration
distribution and seepage law of heavy metals in the mudstone floor of goaf were analyzed with Mn
element as an example. The research results showed that the heavy metals with pollution risk in coal
gangue soaking liquid were beryllium (Be) and manganese (Mn). The diffusion distance of heavy metal
elements in all stress states was 9.537 m when using the traditional model. When calculating after
combining with the modified model of permeability stress sensitivity analysis, when the stress states
were 0 MPa, 3 MPa, 6 MPa, 9 MPa, 12 MPa and 15 MPa, the diffusion distance of heavy metal elements
was 9.326 m, 6.748 m, 5.9 m, 5.657 m, 5.558 m and 5.55 m, respectively, and the reduction rate was 2.21%,
29.24%, 38.14%, 40.68%, 41.72% and 41.80%, respectively. The migration and concentration distribution
of heavy metal elements were predicted more accurately, which provided a basis for predicting and

evaluating the impact risk of coal gangue on groundwater in filling coal mining goaf.
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Introduction

Solid filling technology for coal mining has become
an important way of reducing the emissions of gangues,
solving the problem of coal under buildings, railways
or water, and also realizing the modern green mining,
which has been popularized in almost 40 working faces
in more than 10 mining areas [1-5]. With the large-scale
filling of coal gangue as filling material into the goaf, the
heavy metal elements in the filling body of coal gangue
are in a state of secondary enrichment. Moreover, in
the goaf there is substantial crack water and coal seam
water from the roof strata. In this area, there is heavy
stress and high temperature (in some mining areas the
temperature even exceeds 40° due to the influence of
terrestrial heat) in the relatively enclosed environment.
Due to being soaked in the mine water, coal gangues
continuously release heavy metal elements and bring
potential risk, as shown in the Fig. 1.

For a long time, much research has been conducted
on the discipline of the temporal and spatial change
of diffusion of contaminants released in the heaps of
gangues on the ground and the gangue filling gob area
under the mine. Zhang et al. [7] found that the heavy
metal concentration dissolved from the coal gangues and
the releasing rate are correlated not only to the PH value
of leachate but to the content of heavy metal elements.
Liu Guijian et al. [8] found through his research that
there are many hazardous pollution components in coal
gangue in which heavy metal ion pollution components
are in the majority. Through the long-term immersion
and showering of mine water, poisonous heavy
metal components and inorganic salt are separated
from the gangues. Baiwei Liu et al. [9-12], through
the investigation of eco-hydrogeology, the leaching
experiment using the solid column, field experiment
and the analysis of underground water current, find that
the gangues through long-term immersion will release
diversified poisonous substances into the underground

Solid backfilling material

Recycle of mine water

nderlying aguifer

Fig. 1. Potential effects of coal gangue in goaf on groundwater
environment [6-7].

water and change the primitive features of underground
water current system. Wright et al. [13], after studying
the underground water pollution caused by mine water,
found that mine water with acidic pH value causes rising
content of nickel, zinc, and manganese, thus destroying
the ecosystem. Wang et al. [14], in the process of
monitoring the filling gangue in the gob area, discover
that in the whole leaching phrase, the pH value of mine
water dissolution is positively related to the heavy metal
concentration. Fanfani et al. [15], through analyzing
the situation of underground water pollution in Coeurd
Alene in northern Idaho in America, discovered that the
emission of mine waste made the content of plumbum,
zinc, and cadmium eclements severely high, and the
heaps of mine tailings have caused the dissolution the
heavy metal elements. Han et al. [16] has studied and
analyzed the influence caused by the sedimentation
of the coal mine on the distribution feature and the
temporal and spatial evolution of the migration of heavy
metal and also analyzed the different concentrations
and forms of the heavy metal in different situations of
sedimentation. Tang and Li et al. [17], who have studied
the distribution and migration of the six elements
(including As, Cr, Cu, Mn, Pb and Zn) in the gangues
used as the filling stuff, find that Mn is in the dominant
position. Moreover, the results according to the risk
assessment code, and the individual pollution factors
have shown that manganese has middle-ranked risk for
the local environment, and other elements have low-
level risk. In recent years, although many learners have
studied the migration discipline of the heavy metal
elements in gangues used as the filling stuff in the goaf,
due to being irrespective of the mutual relation among
the stress field, seepage field and the concentration field,
their studies are not sufficient. Therefore, this paper
uses the approach of combining laboratory experiments
with numerical modeling in order to study the migration
discipline of the Mn in the mudstone floor, which is
under the coupling conditions of seepage and stress.
Therefore, this research has its significant meaning for
improving the theoretical system of the solid filling
coal mining and the protection of underground water
resources.

Materials and Methods

In order to predict the migration distance of heavy
metal elements in the mudstone floor of the goaf more
accurately, this paper first designed a static immersion
test of coal gangue. By using ICP, the concentration
of heavy metal elements in the soaking solution was
tested, and then the permeability stress sensitivity of
the mudstone was tested. Finally, based on the above
experimental results, the numerical simulation model
of heavy metal elements migration in coal gangue was
established under the coupling of seepage and stress
by using COMSOL multiphysics, and the concentration
distribution and seepage law of heavy metal elements
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Fig. 2. Research ideas of paper.

in the mudstone floor of goaf with the Mn element
as an example. The specific research idea is shown in
Fig. 2.

Experimental Materials and Sample Preparation
Static Soaking Experiment of Coal Gangue

We smashed the coal gangues to pieces of less
than 50mm diameter using a crusher. As shown in
Fig. 2, three representative coal gangues of 0-15 mm,
15-30 mm and 30-50 mm were selected as test samples.
We also put the gangues with different diameters in
place at 105°C in order to dry for 24 hours and then
put the samples in a wide-mouth bottle. We used these
gangues as representative samples.

We took out 1000 gA (0-15 mm), B (15-30 mm),
and C (30-50 mm) as three kinds of single graded
coal gangue samples and put them together in a large-
capacity plastic bucket, and then put 10000 ml mother
liquids into the bucket in order to immerse these
gangues. We took out the immersion liquid every
48 hours, and we put the liquid to be tested into a glass
bottle and then sealed the bottles and labeled them.
After gathering the liquid, we examined the liquids by
inductively coupled plasma (ICP).

Testing for Permeability Stress Sensitivity
in Mudstone Floor

In accordance with the requirements of the test, we
used the driller for the sample rock to drill along the
direction perpendicular to the bedding surface and

Fig. 3. Preparation of test samples: a) 30~50 mm, b) 15~30 mm, c¢) 0~15 mm.
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Fig. 4. LA-ICP-MS.

got out the cylinder with 25 mm diameter. After that
we used the rock cutter to cut the rock core into the
cylinder at 50 mm height and then used the face grinder
to process the sample after cutting and made it into the
standard specimen with the no more than 0.02 mm end
surface evenness and no more than 0.05 mm degree of
parallelism between upper and lower end faces.

Test Instrument
LA-ICP-MS

We conducted the quantitative analysis of the
microelements, trace elements and super-trace
elements in the liquid samples of soil, mineral, food,
environment, biology and medicine, respectively by
ICP-MS. This device has a low analytical detection
limit, high precision, high accuracy and fast analytical
speed and is able to conduct the isotopic analysis. We
usually combined it with a laser ablation (LA) system
and mainly applied this system to the analysis of
microelements in geological samples. This paper used
LA-ICP-MS to examine the concentration of heavy
metal elements in gangue immersion liquid, as shown
in Fig. 4.

XRD

XRD is widely used with coal, geology, the
environment, material, chemical engineering,
construction engineering, physical, metallurgy and
machines. It is an influential device for testing the
crystal texture and mineral content and is also the
analytical study method of the relationships among
the material microstructure and phase composition
and macro performance. This paper used XRD to test
the content of the background element of heavy metal
elements in the gangues, as shown in Fig. 5.

Pulsation Attenuator Kischneer Permeameter
The pulsation attenuator Kischneer permeameter is

an instrument using the non-stable method (pressure
pulse attenuation method) to test the permeability of

Fig. 5. X-ray diffractometer.

rock samples. Its duration is short and speed is fast. We
use it to test the Kirschner permeability in the hypotonic
and ultra-low permeable strata. The test for permeability
stress sensitivity used hypotonic rock as a sample. For
the purpose of reducing the experimental error caused
by the test time and the slippage effect, this research
used the pulsation attenuator Kischneer permeameter
(PDP-200) to conduct the test, as shown in Fig. 6.

Experimental Design

First, the static immersion test of coal gangue was
carried out, and the phase composition of coal gangue
was tested by X-ray diffractometer to obtain the content
of local elements. Since the mine water is mostly acidic,
acid-deionized water with an initial pH of 5 was used
as the mother liquor. The dissolution and release rule of
heavy metal elements in the coal gangue under different
particle sizes were studied by the method of coal
gangue immersion test under normal room temperature
conditions, providing a reference for the selection of
initial values of numerical simulation of heavy metal
elements migration in the floor rock stratum.

Fig. 6. Pulsation attenuator Kischneer permeameter (PDP-200).
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Fig. 7. Permeability test flow chart.

Then the permeability sensitivity test was carried
out. The test tested the permeability of the mudstone
floor specimens in the coal seam under different stress
states. The test pressure of the specimens was 4 MPa.
The confining pressure increased from low to high
during the test. The effective stresses were 4 MPa, 7
MPa, 10 MPa, 13 MPa, 16 MPa, and 19 MPa, and the
effective stresses were 0 MPa, 3 MPa, 6 MPa, 9 MPa,
12 MPa, and 15 MPa, respectively.

After the preparation work before the permeability
test, the permeability of the rock sample was tested.
The specific test procedure is shown in the following
figure:
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Fig. 8. XRD patterns of coal gangue [18].

Finally, based on the above experimental results,
the numerical simulation model of heavy metal element
migration in coal gangue under the condition of seepage
stress coupling was established by using COMSOL
Multiphysics, and the numerical simulation of the
migration of heavy metals in the floor of the mudstone
of the coal seam under 6 different stress states within
100 years was carried out with the Mn element as an
example.

Results and Discussion
Static Soaking Test of Coal Gangue
Determining the Content of Base Elements

According to the K value method of standard
GB5225--86, the content of the base elements in the
coal gangue itself was quantitatively analyzed. The
coal gangue in this paper was the same as the sample
in the article [18], so the result of the experiment was
quoted. The X- ray diffraction pattern of the coal
gangue is shown in Fig. 8, and the result of the chemical
composition test is shown in Table 1.

The composition of coal gangue is mainly SiO,
and ALO,, accounting for 59.9% and 20.7%,
respectively. The heavy metals contained in chemical
elements are mainly Mn, Be, Cu, Zn, Ti, Ba, Pb and
other elements.
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Table 1. Content of elements or compounds in coal gangue [18].

cocmh;r(?siiiil)n Content/% cocrire)r(?siict?(in Content/%

Na,0 0.65 F <0.045
MgO 1.8 Ba 0.1
ALO, 207 Mn 0.094
8i0, 59.9 Cu 0.0006
K,0 24 Pb <0.0002
CaO 2 Zn 0.009
Fe,0, 6.7 Ti 05

P 0.05 Be 0.011

S 1.53

Dissolution and Release Rules of Heavy Metal Elements
in Coal Gangue with Different Particle Sizes

The concentration of heavy metal elements in
the soaking liquid was detected by plasma emission
spectrometer (ICP) according to the classification
standard of groundwater quality in China. Under static
immersion conditions, the dissolution and release rules
of heavy metal elements in different sizes of coal
gangue are shown in Fig. 9.

The figure shows:

(1) The dissolution and release of the above
elements are roughly divided into two stages: rapid
dissolution release period (0-8 days) and dissolution
release equilibrium period (8-12 days). The dissolution
release rate is fast during the fast dissolution release
period, and the equilibrium period is slow. The release
rate is gradually stabilized. In general, the release
concentration increases with the immersion time, but
the release rate gradually decreases as the immersion
time increases.

(2) The dissolution rate of heavy metal elements
is negatively correlated with the particle size. The
smaller the particle size, the faster the release rate, and
the performance is especially evident during the fast
dissolution release period. This is because the smaller
the particle size, the larger the specific surface area of
the coal gangue in contact with water, and the higher
the dissolution release rate of the metal element.

(3) According to the groundwater quality
classification standard, when the particle size is
0-15 mm, 15-30 mm, and 30-50 mm, respectively,
the dissolution concentration of Be element is finally
stabilized at 0.014 mg/L, 0.022 mg/L, and 0.018 mg/L.
The dissolved release concentration of Mn is finally
stabilized at 2.18 mg/L, 1.816 mg/L, and 1.048 mg/L.
The concentration of the Mn element is classified
as groundwater quality class V according to the
groundwater quality classification index. The main
concentration exceeded the standard composition of
beryllium (Be) and manganese (Mn).

0.010 - —®—0-15mm —®— 15-30mm —A— 30-50mm

Be mg/L

0.008 -

0.006

0.004 -

0.002

0.000

Time/d

—#— 0-15mm —e— 15-30mm —&— 30-50mm

Time/d

Fig. 9. Variation curves of heavy metal elements were analyzed
by soaking coal gangue with different particle sizes: a) Be, b)
Mn.

Permeability Stress Sensitivity Test
of Mudstone Floor

Relationship between Permeability and Effective Stress
of Mudstone Floor

Based on transient pulse test, the change fitting
curve of permeability of common mudstone floor of coal
seam with effective stress is shown in Fig. 10.

Fig. 10 shows:

(I) When the test pressure is kept constant at 4
MPa, as the effective stress increases, the permeability
of the rock sample decreases, and the permeability
decreases with the increase of the effective stress.
The permeability test data is fitted into an exponential
function: y = 0.01686 x exp (-x/2.6521) + 0.00659, the
fitness R is 0.98436.

(2) When the effective stress increases from
0 MPa to 15 MPa, the permeability of mudstone is
0.02356 mD ~ 0.00585 mD, the permeability decreases
by 0.01771 mD, and the rate of change is 75%. This
is because the mudstone particles are larger and the
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Fig. 10. The fitting curve of permeability with effective stress
change.

sedimentation degree is lower and the porosity is higher.
Therefore, the pores are continuously reduced during
the pressurization process, resulting in a decrease in
permeability, and the permeability changes significantly

throughout the process.

Characteristics of Permeability Sensitivity
of Mudstone Floor Rock

The description of the reservoir stress sensitivity by
reference to the oil and gas industry standard describes
the permeability sensitivity of the coal seam floor rock
layer. The permeability damage sensitivity and the
stress sensitivity coefficient are used to describe the
permeability stress sensitivity.

The calculation formula for the permeability damage
rate caused by the stress sensitivity of the floor rock
layer is as follows:

p=202 s 100%
KO
M

...where D is the value of the effective stress of the
permeability during the continuous increase of the
effective stress, K is the initial permeability value mD,
and K'is the permeability value mD at a certain effective
stress state.

According to the calculation formula of reservoir
stress sensitivity coefficient commonly used in the oil
and gas industry, the calculation formula of the stress
sensitivity coefficient of the floor rock stratum is:

1K

o =-——
K, OP @

...where o, is the stress sensitivity coefficient of the floor
rock stratum, K is the initial permeability, and P is the
effective stress.

Fig. 11. Relationship between permeability damage rate, stress
sensitivity coefficient and effective stress.

According to formulas 1 and 2, the calculation
results of the permeability damage rate and the stress
sensitivity coefficient of the mudstone floor rock
formation are shown in Fig. 11.

Fig. 11 shows:

(1) The stress sensitivity coefficient of mudstone
specimens varies greatly between 3 MPa and 12 MPa,
and gradually stabilizes after reaching 12 MPa. This
is due to the large porosity of the mudstone. The pore
closure is slower during the increase of the effective
stress. After reaching 12 MPa, the pore is almost
completely closed, and the effect of further pressure on
permeability sensitivity is not significant. It is shown
that porosity is one of the most important factors
affecting the permeability sensitivity of the floor rock.

(2) Under different effective stresses, that is coal
seam floor in different stress states (the state of the
buried depth), the permeability sensitivity coefficient
decreases with the increase of the effective stress,
which is due to the stress of the coal seam floor rock
layer. The pores are compacted and accompanied by
plastic deformation, resulting in a significant decrease
in permeability. Under high geo-stress conditions, the
permeability sensitivity of the coal stratum floor will be
weakened.

Numerical Modeling of the Migration Discipline
of Mn Element in Mudstone Floor

Based on the test of the dissolution and release of
heavy metal elements in previous coal gangues and the
permeability stress sensitivity in the mudstone floor
in goaf, we took the relationship between mudstone
floor and permeability to study the migration law of
heavy metal elements in coal gangues before and after
considering the stress-seepage coupling. This section
took the coal stratum as the porous medium and
took advantage of COMSOL multiphysics numerical
model software to carry out the numerical simulation
calculation for the migration of the heavy metal elements
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Table 2. Setting of boundary conditions.

Physical field Boundary condition type Governing equation Boundary number or region
Fixed constraint u=0 2
Solid mechanics (solid) Roller support nu=0 1,3,6,8, 11,12
Boundary load Sn=F, 5,7, 10
Mass flux -n-pu=N; 2,6,7,8
Richards equation (dI) No flow -npu=0 1,3,5,10, 11,12
Water head P=pg (H,-D) 6,7,8
No flux -n-N,= 0 1,3,5,10, 11, 12
Transmission 81; S)orous material Inflow ¢=c, 6.7.8
Outflow -n'-D,Ve,=0 2

in mudstone floor. According to the index of the
classification of groundwater quality, BE and Mn was
the overconcentration group in the gangue immersion
liquid and due to the little influence of the type of the
heavy metal elements on the migration, this research
took the elements as the experimental target and studied
the migration of Mn elements in mudstone floor in five
stress situations.

Model and Boundary Condition

We constructed the two-dimensional model based on
the concrete situation of the filling mining face and set
up the geometrical parameters as follows: the length of
working face was 100 m, the width of section coal pillar
was 30m and the thickness of coal stratum we worked
on was 3m and the thickness of floor was 37 m. We used
the mapping for the mesh generation of the geometrical
model. Grid cell size was 0.5x0.5 m. The standardizing
of grid size was the superfine size in fluid dynamics. The
concrete geometrical model is shown in Fig. 12. When
establishing the numerical model, the fitting formula of
permeability and effective stress was added to boundary
conditions. Permeability in the model was adjusted at
different positions according to the change of stress in
order to achieve the purpose of stress-seepage coupling.

Sectioncoal pillar

Measure point 1

Measure linel —

Filling goaf

The concentration distribution and migration distance of
heavy metal elements can be predicted more precisely
by taking permeability stress sensitivity into account
in numerical simulation. As a result which, the risk
of groundwater pollution by heavy metal ions in solid
filling coal mining can be evaluated more accurately,
and make reasonable prevention and control measures
based on the assessment results so as to protect the
groundwater environment more scientifically.

According to the test result of the discipline of
dissolution and release of heavy metal elements
in gangues, having taken the filling stuff with its
diameter between 15-30 mm into consideration, we
took the stable concentration of the Mn element with
the diameter between 15-30 mm as the primitive value
of numerical model and took the primitive value of
the setting of inflow boundary condition as
3.2¢-5 mol/m?. The numbers of all boundaries of this
geometrical model are shown in Fig. 8. The boundary
conditions and controlling equations are shown in
Table 2.

Simulation of Concrete Program

In order to conduct the researches of the different
migration disciplines of heavy metal eclements in

Section coal pillar

Coalsezm floor

Fig. 12. Geometrical model of numerical simulation.
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Table 3. Numerical simulation calculation scheme.

Boundary

Number load/MPa

Coupling relationship

Scheme 1 | No stress field Non coupling relationship k is a

constant
Scheme 2 0
Scheme 3 3
Scheme 4 > k=0.01686 x exp (-5/2.6521)
Scheme 5 8 +0.00659
Scheme 6 12
Scheme 7 15

gangues before and after the coupling of stress and
seepage, we utilized the COMSOL Multiphysics
numerical model software to conduct the simulation of
calculating the value of the migration of the heavy metal
elements in six different stress conditions within 100
years. The concrete numerical model program is shown
in Table 3.

Distribution Law of the Concentration Field

According to the results of the test of solubility and
release of heavy metal elements in gangues, Be and Mn
were the main the heavy metal elements exceeding the
standard. Due to the consistency of the migration law
of different heavy metal ions in the floor strata, this

Timel00a Mn element concentration  (mol/L)

a) Scheme 1

Timel00a Mn element concentration (mol/L)

T

The concentration is 0 isogram

c)Scheme 3
Time100a
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Time100a
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Fig. 14. Concentration distribution curve graph of Mn elements
in mudstone floor before and after considering stress sensitivity.

paper selected one of these heavy metal element Mn
ions to conduct the research. We utilized the COMSOL
multiphysics numerical model software to conduct the
numerical simulation calculation for the migration of the
heavy metal elements in six different stress conditions
within 100 years and gained seven programs of the
concentration distribution pattern of Mn element in the
100th year, as shown in Fig. 10. In order to analyze the
concentration distribution discipline of the direction of
depth of rock floor, we placed the measuring line one.
The concentration of the measuring line one exactly
when the simulation was over is shown in Fig. 13.

d) Scheme 4

Mn element concentration (mol/L)

1 X

The concentration is 0 isogram

Timel00a
[]

f) Scheme 6

Mn element concentration (mol/L)

%107

S = =

g) Scheme 7

Fig. 13. Concentration distribution cloud map of Mn elements in mudstone floor before and after considering stress sensitivity.
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As shown in Figs. 13-14:

When calculating before and after considering
permeability sensitivity, under the different stress
states, the heavy metal elements in the depth direction
of the floor keep decreasing with the increase of the
depth, and the concentration is highest at the boundary
between goaf and floor rock stratum, close to the initial
concentration. This is due to the non-sifting filtration of
the Mn element during the migration of the floor rock
stratum with the surface of the mudstone. Through
Brown diffusion, Mn elements diffuse from the flow
to the surface of mudstone particles, leading to a
gradual decrease in the concentration of Mn elements
during migration. However, after taking into account
the permeability stress sensitivity, the concentration
distribution law of Mn elements in floor rock stratum
changes at the end of the numerical calculation, and
the concentration of Mn elements decreases with the
increase of stress stage at the same position. When
the permeability stress sensitivity model is used, the
decrease rate of Mn element concentration is negatively
related to the stress state. The greater the stress, the
smaller the decrease, because the permeability stress
sensitivity of the mudstone floor decreases with the
increase of stress state. This phenomenon can be
illustrated by the previous data from the permeability
stress sensitivity test.

The diffusion range of heavy metal elements is
determined according to the distance from the isoline
with the concentration of 0 in concentration cloud map
to the bottom of goaf, and the diffusion range of heavy
metal elements in different stress states is obtained, as
shown in Fig. 15.

Fig. 15 shows:

The traditional model is used to calculate without
considering the permeability stress sensitivity. When the
simulation reaches 100a, the diffusion distance of heavy
metal elements along the bottom depth is 9.537 m. When
the modified model is used to calculate and the stress
states are 0 MPa, 3 MPa, 6 MPa, 9 MPa, 12 MPa, and
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Fig. 15. Diffusion range of heavy metals under different stress
states.

15 MPa, the diffusion distance of heavy metal elements
along the floor is 9.326 m, 6.748 m, 5.9 m, 5.657 m,
5.558 m and 5.55 m, respectively, and the change rates
are 2.21%, 29.24%, 38.14%, 40.68%, 41.72%, and
41.80%, respectively. With the increase of stress, the
diffusion distance decreases continuously, and the risk
of groundwater pollution decreases continuously, and
a non-linear decreasing trend is presented. This is due
to the continuous closure of pore and fissure in the
mudstone floor during the process of stress increase,
resulting in the continuous decline of permeability and
migration distance. When the stress is increased to a
certain value, the pore channel and the crack are almost
completely closed. If the stress is increased further, the
permeability will change little, and the change range of
migration distance will decrease.

Distribution Law of Seepage Field

By means of COMSOL multiphysics, the migration
of heavy metal elements in the mudstone floor of coal
seam under 6 different stress states within 100 years
are numerically simulated and calculated, and the
Darcy velocity distribution cloud map of Mn elements
in seven schemes in 100 years is obtained, as shown in
Fig. 16.

According to Fig. 16, it can be seen that:

(I) When the simulation time is 100a, the seepage
velocity in the mudstone floor is symmetrically
distributed in the transverse direction, and decreases
along the depth of the floor. This is due to the decrease
of the pressure head in the mudstone floor with the
increase of depth, which leads to decreasing Darcy
seepage velocity along the depth direction, and the
seepage velocity is mainly concentrated near the
boundary between the goaf and the floor rock stratum.

(2) When the simulation time is 100a, the Darcy
seepage velocity is the largest at the bottom corner of
the boundary of the goaf, the section coal pillar and
the mudstone floor. This is due to the formation of
Darcy seepage under the joint action of the vertical and
horizontal pressure heads at the bottom corner of the
goaf, so Darcy seepage velocity on the bottom corners
on both sides of the goaf is larger than that in the middle.

(3) Before considering the sensitivity of permeability
stress, the calculation results of Darcy seepage
velocity are shown in Fig. 13a). After considering the
permeability stress sensitivity, it can be clearly seen that
the concentrated range of influence of the Darcy seepage
velocity is scheme one > scheme two > scheme three >
scheme four > scheme five > scheme six > scheme seven
— all of which are reduced in varying degrees. This is
because after taking into account the permeability stress
sensitivity, in the process of increasing stress, the pore
fissures of the mudstone floor are closed continuously,
leading to the continuous decline of permeability and
the continuous decrease of Darcy seepage velocity.

In order to further study the seepage law of the
boundary between the goaf and the mudstone floor,
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Fig. 16. Darcy velocity distribution cloud map of Mn elements in mudstone floor before and after considering stress sensitivity.

the change rule of Darcy seepage velocity of measured
point 1 in Fig. 9 with time is shown in Fig. 17.

Fig. 17 shows:

(1) The change rules of Darcy velocity at the
boundary between the goaf and floor with time are
roughly the same. All of them first increase to the
maximum value and then gradually reduce to stability,
which are roughly three stages respectively: the stage of
rapid growth, slow down stage, and stable stage. This is
because in the initial stage of seepage, Darcy seepage
begins to appear in the mudstone floor under the effect
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Fig. 17. Darcy velocity of Mn at measure point 1 in the mudstone
floor.

of pressure difference, and the Darcy seepage velocity
increases from zero to the maximum at this time,
however, with the increase of time, the water in the goaf
continues to flow into the mudstone floor, leading to the
continuous increase of water head of the measured point
1, and the pressure difference decreases continuously.
Finally, the seepage velocity of Darcy decreases and
eventually becomes stable.

(2) The traditional model is used to calculate
without considering the permeability stress sensitivity.
When the simulation reaches 100a, the steady value
of Darcy seepage velocity is 5.69x10-5 m/d. When
the modified model is used to calculate and the stress
states are 0 MPa, 3 MPa, 6 MPa, 9 MPa, 12 MPa,
and 15 MPa, the stable values of Darcy seepage
velocity are  5.59x10-5 m/d, 3.2x10-5 m/d,
2.38x10-5 m/d, 2.11x10-5 m/d, 2.02x10-5 m/d, and
1.99x10-5 m/d respectively, and the corresponding
change rates are 1.75%, 43.76%, 58.17%, 62.92%,
64.50%, and 65.03% respectively. This is because
after taking into account the permeability stress
sensitivity, in the process of increasing stress the pore
fissures of the mudstone floor are closed continuously,
leading to the continuous decline of permeability and
the continuous decrease of Darcy seepage velocity, and
the higher the stress state, the greater the change of
seepage velocity.
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Conclusions

In this paper, according to the migration law of
Mn element in the floor under the seepage stress
coupling condition, by the static immersion experiment,
permeability stress sensitivity experiment and the
numerical simulation of heavy metal elements migration
in coal gangue under the condition of seepage-
stress coupling, the following main conclusions are
obtained:

(1) According to the groundwater quality standards,
Mn and Be are the elements with pollution risk, and
their dissolution and release can be roughly divided
into rapid dissolution release period and dissolution
release equilibrium period. The dissolution release
concentration of Be elements of sizes 0-15 mm,
15-30mm and 30-50 mm are stable at 0.014 mg/L,
0.022 mg/L and 0.018 mg/L, and the dissolution release
concentration of Mn elements finally stabilizes at 2.18
mg/L, 1.816 mg/L and 1.048 mg/L.

(2) After considering the permeability stress
sensitivity, with the increase of stress state, the
concentration of Mn elements in the same position of
the floor shows a decreasing trend, and the decrease of
the concentration of Mn elements is negatively related
to the stress state. The greater the stress state, the
smaller the decrease of the stress state, which is because
the permeability stress sensitivity of mudstone floor
decreases with the increase of stress state.

(3) After considering the permeability stress
sensitivity, the diffusion distance and Darcy seepage
velocity decrease with the increase of stress, and the
nonlinear decreasing trend is presented, which is due
to the continuous closure of the pore fissures in the
mudstone floor, which leads to the constant decrease of
permeability.
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